Imaging the immediate vicinity of supermassive black holes (SMBH) and extracting a BH-spin signature is one of the grand challenges in astrophysics. M87 is known as one of the best targets for imaging the BH shadow and it can be partially thick against synchrotron self-absorption (SSA), particularly in a flaring state with high mass accretion rate. However, little is known about influences of the SSA-thick region on BH shadow images. Here we investigate BH shadow images of M87 at 230 GHz properly taking into account the SSA-thick region. When the BH has a high spin value, the corresponding BH shadow image shows the positional offset between the center of the photon ring and that of the SSA-thick ring at the innermost stable circular orbit (ISCO) due to the frame-dragging effect in the Kerr spacetime. As a result, we find that a dark-crescent structure is generally produced between the photon ring and the SSA-thick ISCO ring in the BH shadow image. The scale size of the dark-crescent increase with BH spin: its width reaches up to ∼ 2 gravitational radius when the BH spin is 99.8% of its maximum value. The dark crescent is regarded as a new signature of a highly spinning BH. This feature is expected to appear in flaring states with relatively high mass accretion rate rather than the quiescent states. We have simulated the image reconstruction of our theoretical image by assuming the current and future Event Horizon Telescope (EHT) array, and have found that the future EHT including space-very long baseline interferometry in 2020s can detect the dark crescent.
INTRODUCTION
The Event Horizon Telescope 1 (EHT; Doeleman et al. 2009 ) is a very long baseline interferometry (VLBI) array aiming for imaging black hole (BH) shadows on event horizon scales and exploring fundamental properties of BHs. The apparent size of the event horizons of M87 at the center of the Virgo cluster and Sagittarius A* at the Galactic center are the two largest of all BH candidates. Thus, these are the prime targets of the EHT, and the early EHT observations have indeed confirmed SSA-thick ISCO ring photon ring "dark crescent" Figure 1 . Linear-scale intensity map of partially SSA-thick accretion flow onto a Kerr BH with a * = 0.998 (left), 0.75 (center), and 0.5 (right), with viewing angle i = 30
• (top) and 15
• (bottom) at ν = 230 GHz. The intensity is normalized by its maximum at each shadow image and the color bars are the same as those presented in Figure 3 . 2018). Quite recently, the EHT 2017 observations have shown the first image of BH shadow in M87 (Event Horizon Telescope Collaboration 2019a,b,c,d,e,f) . Quite recently, the EHT 2017 observations have shown the first image of BH shadow in M87 (Event Horizon Telescope Collaboration 2019a,b,c,d,e,f) One of the most fundamental quantities of a BH is its angular momentum -commonly referred to as a spin. Measuring the BH spin is one of the grand challenges in astrophysics. The radius of the photon orbit strongly depends on BH spin. Its radius changes from 3r g for a nonspinning BH to r g for a maximally spinning BH for a prograde photon orbit on the equatorial plane in BoyerLindquist coordinates (Bardeen et al. 1972) , where r g ≡ GM BH /c 2 is the gravitational radius of the BH with its mass M BH . However, the radius of the photon ring r ph observed at infinity has very weak dependence on the BH spin and viewing angle: the r ph value changes only less than ∼4% from 5r g , where r ph = √ 27r g for nonrotating BH and it has a very slightly decrease with BH spin (see, e.g., Psaltis et al. 2015 , and references therein). The smallness of the change of r ph makes it difficult to extract information about BH spin from BH shadow images.
To overcome this difficulty, here we revisit BH shadow images by focusing on the synchrotron self-absorption (SSA) effect onto BH shadow images. In previous theoretical works on the BH shadow in M87, the discussion was focused on the SSA-thin region even though SSAthick part appears, or the models with SSA-thin plasma were studied intensively (Broderick & Loeb 2009; Dexter et al. 2012; Mościbrodzka et al. 2016 ). According to Kino et al. (2015, hearafter K15) , however, the flux density of M87 detected by early EHT observations (Doeleman et al. 2012; Akiyama et al. 2015 ) is explained by the mixture of SSA-thin and SSA-thick emissions. In addition, even if the plasma surrounding the BH is SSA thin in the quiescent state, SSA-thick emission will be realized in a flaring state with a relatively high mass accretion rate in M87. In this paper, therefore, we calculate the BH shadow images, considering that the plasma is SSA thick in the vicinity of the BH, and report a newly found BH-spin signature in BH shadow images referred to as a dark crescent. In this work, we adopt the BH mass and the distance to M87 from the Earth as M = 6.2 × 10 9 M 2 (Gebhardt & Thomas 2009; Gebhardt et al. 2011 ) and D = 16.7 Mpc (Bird et al. 2010) , respectively.
GR RAY-TRACING RADIATIVE TRANSFER
Here, we briefly review our numerical code of GR raytracing radiative transfer. We calculate the image of BH shadows by using our general relativistic ray-tracing radiative transfer code, RAIKOU (detail of the code are described in Kawashima et al. in preparation) . We integrate the geodesic equations of photons by solving the Hamilton's canonical equations of motion describing time evolution of r, θ, ϕ, p r , p θ of photons in the Boyer-Lindquist coordinate. Here, r, θ, ϕ are the radius, polar angle, and azimuthal angle, while p r and p θ are the r and θ components of covariant momentum vector (Schnittman & Krolik 2013) . The ray-tracing solver is based on an eighth-order embedded RungeKutta method in which fifth-and third-order error estimators are used for the adoptive stepsize control (Press et al. 2002) . As we investigate the radio emission from M87 in great detail, here we include the effects of cyclosynchrotron emission and absorption via the thermal electrons (Mahadevan et al. 1996) . The radiative transfer equations are integrated by using the observer-toemitter method (Younsi et al. 2012; Pu et al. 2016b ). Our numerical code well reproduces photon trajectories (Chandrasekhar 1983; Chan et al. 2013 ) and BH shadow images (Luminet 1979; Takahashi 2004; Pu et al. 2016b) in the Kerr spacetime.
In this section, we describe the model parameter setup based on recent VLBI observations of M87. The spin of the BH of M87 is parameterized to be a * = 0.5, 0.75, and 0.998, as the BH spin of M87 is generally expected to be relatively high (Doeleman et al. 2012; Nakamura et al. 2018; Takahashi et al. 2018) . We set the viewing angle between the line of sight and the BH-spin vector to be i = 30
• and 15
• in this paper, because the viewing angle of M87 is constrained to be 30
• by the recent 86 GHz VLBI observation for the jet base of M87 (Hada et al. 2016 , see also Heinz & Begelman 1997 .
Following previous works (Falcke et al. 2000; Broderick & Loeb 2006; Pu et al. 2016a ), we apply a sim-2 This BH mass estimate is rescaled to the adopted distance of D = 16.7 Mpc from the value for D = 17.9 Mpc reported in Gebhardt et al. (2011) . • . Each trajectory is projected onto the equatorial plane of the Boyer-Lindquist coordinate (we note that we define (xeq, yeq) ≡ (r sin θ cos ϕ, r sin θ sin ϕ)). The solid/dashed curves represent the SSA-thin/SSA-thick regions along the rays. The positions of the rays on the observer screen are represented by the dashed lines in Figure 4 . ple Keplerian shell model for the accretion flow in M87. As the purpose of this work is to newly clarify the effects being brought by an SSA-thick region in M87's BH shadow, we do not include the jet emission for simplicity. Expected influences by the jet emission will be briefly discussed in §6. In this Keplerian shell model, the number density of thermal electrons and the tempera- ture of the thermal electrons are described in the form of power-law radial distribution with scale height: n e = n 0 e (r/r g ) −1.5 exp(−z 2 /2H 2 ) and T e = T 0 e (r/r g ) −1.0 . We set n 0 e = 4×10 6 cm −3 , 8×10 6 cm −3 , and 1.6×10 7 cm −3
for a * = 0.998, 0.75 and 0.5, respectively, and T 0 e = 7×10 10 K for a * = 0.998, while 8×10 10 K for a * = 0.5, and 0.75, so that the accretion flow can be partially SSA thick at 230 GHz. The magnetic field strength in the shell is given by B 2 /8π = β −1 n e m p c 2 r g /6r , where β represents the magnetization of the accretion flow, i.e., the accretion flow is more magnetized when β is lower. We set the inner edge of the accretion flow at r = r ISCO and no emitting plasma exists inside r ISCO . It is important to note that Krolik & Hawley (2002) pointed out the emission from the plunging region between the event horizon and the innermost stable circular orbit (ISCO) of matter is not negligible in radiatively inefficient accretion flows (see also Narayan et al. 2012) . In this paper, we will demonstrate BH shadow images with disk truncation at r = r ISCO . ergy exchange between protons and electrons can work via the Coulomb collisions (Ryan et al. 2017) or via the plasma instability whose relaxation timescale can be faster than that of the Coulomb collisions (Begelman & Chiueh 1988) . In such situations, the cooled accretion flow can contract in the vertical direction with the magnetic field being trapped inside the disk, i.e., moderately geometrically thin, low beta accretion flow will be formed (Machida et al. 2006) . The estimated field strength of M87 using early EHT data indeed suggests B ≈ 50 − 120 G (Kino et al. 2015) , which seems to indicate a fast synchrotron cooling. We, therefore, assume that the moderately geometrically thin, magnetically dominated accretion flow surrounds the supermassive black hole (SMBH) in M87. Hereafter, the scale height of the accretion flow is assumed to be H = 0.1R, where R is the cylindrical radius, and we set β = 0.3. Figure 1 shows the resultant intensity image for the model with a * = 0.998 (left), a * = 0.75 (center), and a * = 0.5 (right), and with viewing angle i = 30
DARK CRESCENT IN THE BH SHADOW
• (bottom). Importantly, the dark-crescent feature is newly found between the SSA-thick ISCO ring and the photon ring for highly spinning BHs (a * = 0.998 and 0.75). Below, we explain how the dark crescent is formed around the rapidly spinning BHs.
The key point here is an offset of the center of the SSAthick ISCO ring and the photon ring. As is well known, due to the frame-dragging effect of the Kerr BH, the center of the photon ring shifts in the direction e spin × e k in the observer's screen, where e spin and e k are the unit vector of the BH spin and that of photons perpendicularly crossing the observer's screen, respectively. That is, the photon-ring center shifts in the positive direction in the x-y plane of the observer screen (i.e., horizontal direction) in this study. On the other hand, the SSAthick ISCO ring does not show significant horizontal deviation.
Figure 2 explains why this difference appears. In this figure, the trajectory of photons forming the photon ring and the SSA-thick ISCO ring in the vicinity of the Kerr BH with a * = 0.998 is projected onto the equatorial plane of the Boyer-Lindquist coordinate. The photon ring is the gravitationally lensed image of the (unstable) photon orbit. Because the absolute values of angular momenta of the co-and counter-rotating photons on the photon orbit around highly spinning BHs (i.e., blue and red curves in Figure 2 (a)) are distinctly different, the impact parameter is significantly different between them. This results in the positional shift of the photonring center in the observer screen (Bardeen 1973) . On the other hand, photons emitted by the innermost accretion flow produce an SSA-thick ISCO ring and the ISCO ring does not show such a significant positional shift of its center (green and purple curves in Figure 2(b) ). This is because these rays deviate from the photon orbit near the BH and the resultant impact parameter does not strongly depend on the sign of angular momentum of photons. Then, the positional offset between the center of the photon ring and that of the SSA-thick innermost region forms the "dark crescent" in the resultant image. The dark crescent appears in the opposite side of relativistically beamed bright region.
Because the horizontal shift of the photon-ring increases with BH spin (as well as the ISCO radius for matter decreasing with BH spin), the larger and clearer dark crescent appears when the BH spin is higher: the dark crescent appears in the models with a * = 0.998 and 0.75, while it is not found around the BH with a * = 0.5 in our shadow images. We can find that a clearer dark crescent for the model with i = 30
• than for i = 15
• , because of more prominent horizontal shift of the photon ring by the frame-dragging effect in the case with larger viewing angle.
In Figure 3 , we present the intensity images (top) and τ SSA (bottom) in the observer's screen at 230 and 350 GHz for i = 30
• and 15 • in the model with a * = 0.998. This is the first example explicitly displaying τ SSA Figure 4 . Linear-scale intensity and log-scale τSSA on y = 0 in the observer's screen at ν = 230 GHz. We define the width of the dark crescent as the length between the SSAthick ISCO ring and the photon ring on the line y = 0 in the region x > 0 in the observer screen.
in the observer's screen. These spatial distribution maps of τ SSA on the observer screen enable us to understand the formation of the dark crescent in the BH shadow image. By comparing the intensity and τ SSA map at 230 GHz, we can confirm that the bright inner ring is formed via the emission from the SSA-thick innermost accretion flow. We note that the photon ring is τ SSA 1, because the rays pass close to the photon orbit, which results in the large emission gain and the formation of the bright photon ring. At ν = 350 GHz, the right side of both of the photon ring and ISCO ring becomes less luminous than those at 230 GHz because of their surface brightness at 350 GHz. This makes the wider surface area of an SSA-thin region at 350 GHz, and the feature of the dark crescent becomes clearer than that at 230 GHz.
In order to define the width of the dark crescent, in Figure 4 , we present the intensity and τ SSA profile along y = 0 on the observer's screen in the model with i = 30
• and a * = 0.998. We normalized the intensity by its maximum value on the screen. In the numerical calculations, we can well identify the photon-rings by the τ SSA profile because the photons forming the photon ring are trapped near the circular photon orbit and τ SSA becomes significantly large. We define the position of the SSA-thick ISCO-ring as the position where the intensity is maximal in the inner bright region on y = 0. Subsequently, we define the width of the dark-crescent as the length between the SSA-thick ISCO ring and the photon ring on y = 0 in the region x > 0. One may notice that connecting line between the photon-ring center and SSA-thick center does not seem to be perfectly perpendicular to the BH-spin vector, i.e., not parallel to the x-axis on the observer screen (see, e.g., Figure 3) . The angle between this connecting line and the x-axis depends on the viewing angle. If we increase the viewing angle from the pole-on to edge-on, then the ISCO ring moved from the center to the top of the screen. Therefore, the dark crescent will appear in the bottom right region inside the photon ring when the viewing angle is higher (e.g., 45
• or 60 • ), while the dark crescent appears in the middle right region inside the photon ring in this work (i.e., 15
• or 30 • ). And the angle weakly depends on the photon frequency at least between 230 and 350 GHz, as the shape of the SSA-thick ISCO ring is weakly warped when the photon frequency changes. At least, in this work, the deviation of the connecting line from the x-axis is small and the definition of the width of the dark crescent in Figure 4 is reasonable.
Last, it is worth discussisng why the dark crescent in M87 BH shadow is not clearly recognized in previous works (e.g., Falcke et al. 2000; Takahashi 2004; Broderick & Loeb 2009; Dexter et al. 2012; Mościbrodzka et al. 2016) . Prior studies focused on the detectability of the photon ring in the BH shadow, so that the parameters seems to be biased to the SSA-thin limit cases (or the SSA-thick limit with disk emission for comparison). The existence of partially SSA-thick plasma in the BH shadow of M87 has been suggested just recently (Kino et al. 2015) ; it may be one of the reasons why the dark crescent in M87 BH shadow was not explicitly recognized in previous works. Now, if we carefully revisit the BH shadow images in previous works, some features similar to our BH shadow images can be seen, for example, in Figure A .1 in Mościbrodzka et al. (2016) for their models RH20, RH40, and RH100. Although no explicit statement is seen in the literature, the BH shadow images shown in their Figure 3 (their models RH20, RH40, and RH100), seems to have similar properties to our BH shadow images, which might be formed via the SSA-thick jet base and the photon ring.
DETECTABILITY OF THE DARK CRESCENT IN M87
It is important to discuss detectability of the dark crescent in M87. Here we will argue (i) spatial resolution and sensitivity from the theoretical point of view, (ii) practical reconstruction tests of the theoretical images assuming current and future EHT arrays, and (iii) a possible contamination by the jet or blob emission.
Spatial resolution and sensitivity from the theoretical point of view
First of all, in Figure 5 , we summarize the dependence of the dark crescent's width (see Figure 4 for definition) on BH spin. It is well known that a diameter of the photon ring only has a very weak dependence on a BHspin value. On the other hand, we find that the darkcrescent width has a clear dependence on the BH-spin value. The width of the dark crescent increases with BH spin: the width is ∼ 2r g at a * = 0.998, meanwhile the dark-crescent disappears at a * = 0.5. We overplotted the beam size of EHT ( 25µas), which corresponds to ∼ 7r g assuming the BH mass to be 6.2×10
9 M and distance to be 16.7 Mpc. Apparently, the spatial resolution of EHT is larger than the width of the dark crescent. However, recent active developments of regularized maximum likelihood (RML; Event Horizon Telescope Collaboration 2019d) imaging techniques such as sparse modeling and the maximum-likelihood method significantly improve image fidelity at modest super- resolutions finer than the diffraction limit of the interferometric array (e.g. Honma et al. 2014; Chael et al. 2016 Chael et al. , 2018 Akiyama et al. 2017a,b) . For instance, Chael et al. (2016) and Akiyama et al. (2017a,b) presented that the effective spatial resolution may reach to 20 − 30 % of the diffraction limit with RML imaging techniques, of which corresponding resolution is also shown in Figure  5 . In Figure 5 , it is found that the dark crescent can be marginally resolved by EHT resolution with the aid of the sparse modeling technique when the BH-spin value is a * 0.8. We note, in addition, that the predicted BH shadow images of M87 in this work have enough flux densities as they have been already matched up to the result of early EHT observation (Doeleman et al. 2012; Akiyama et al. 2015 ). In our model, the magnetic field strength and the electron temperature at r = r ISCO are 90 G B 200 G and 1.9×10 10 K T e 5.7×10 10 K, respectively. These are well consistent with the estimate of Kino et al. (2015) for M87 at 230 GHz. The corresponding synchrotron flux in all our models is ∼ 0.5-0.8 Jy at 230 GHz, which is ∼ 50-80 % of the observed flux (∼ 1 Jy) at the same photon frequency in M87 (Doeleman et al. 2012) . If the emission from the jet is taken into account, the observed flux may be slightly higher than 1 Jy, i.e., our disk model will likely appear in the flaring state in M87. We emphasize that the radio fluxes of our models are, indeed, greater than the observed flux during the EHT 2017 observations ∼ 0.5 Jy (Event Horizon Telescope Collaboration 2019a,b,c,d,e,f).
We also note that the estimated mass accretion rate on the ISCO scale is ∼ 10 −3 M yr −1 in our flaring state model. This accretion rate would be higher than the mass accretion rate in the quiescent state in M87. This is because the mass accretion rate at ∼ 40r g in quiescent state in M87 is estimated to be ∼ 9 × 10 −4 M yr
by using the measurement of the rotation measure (Kuo et al. 2014) , and the mass accretion rate on the ISCO scale is smaller than that at ∼ 40r g due to a wind massloss process. Therefore, the mass accretion rate in our flaring state model would be indeed higher than that of the quiescent state in M87, i.e., the dark crescent appears in flaring states with a relatively high mass accretion rate.
Practical reconstruction tests of theoretical images assuming current and future EHT arrays
For a more precise discussion on the detectability of the dark crescent in M87, we perform observational simulations using theoretical BH shadow images. Synthetic observational data are created with the eht-imaging li- 4 (Chael et al. 2016 (Chael et al. , 2018 and imaged with SMILI 5 (Akiyama et al. 2017a,b) . We perform synthetic observations with the following four array configurations 6 : (1) EHT 2017 array consisting of seven stations at five geographic sites, ALMA and APEX in Chile, LMT in Mexico, SMT at Mt. Graham in Arizona, IRAM 30m Telescope at Pico Veleta in Spain, SMA and JCMT at Maunakea in Hawaii; (2) an extended ground-based ar-4 https://github.com/achael/eht-imaging 5 https://github.com/astrosmili/smili 6 see https://eventhorizontelescope.org/array for the abbreviation of each telescope ray (henceforth EHT 2020) expected for 2020s with the following four additional stations, ARO 12m Telescope at Kitt Peak in Arizona, NOEMA at Plateau de Bure in France, GLT in Greenland, and a single-dish telescope at Owens Valley in California; (3) EHT 2020 array with a space station at the middle Earth orbit (MEO); (4) EHT 2020 array with two space stations at MEO and geosynchronous orbit (GEO). We use the orbits of the Galileo-IOV PFM and TerreStar-1 satellites for the stations on MEO and GEO orbits on 2019 January 1, respectively. Figure 6 shows uv-coverages of simulated M87 observations at 230 GHz with the above four array configurations. Synthetic data are generated for the full single track at the bandwidth of 2 GHz. Images are reconstructed from synthetic complex visibility data sets with 1 +TSV regularization of sparse modeling (Kuramochi et al. 2018) . Figure 7 demonstrates the expected images in current and future EHT observations. In panel (a), the reconstructed images for the fiducial-mass model (M = 6.2 × 10 9 M ) at 230 GHz (upper images) and 350 GHz (lower images) are presented. For ground arrays, the signature of the dark crescent starts to appear at 350 GHz with the EHT 2020 array. One can find that the future EHT arrays with additional space stations will significantly improve the angular resolution less than 2r g (Figure 6 ), which is sufficient to detect the dark crescent very clearly at 230 GHz and finer structures on scales of a few r g (see also Fish et al. 2019 for similar space-VLBI simulations with MEO/GEO satellites). Importantly, at 350 GHz, the dark-crescent feature appears more clearly, because the opacity for SSA decreases with photon frequency and the dark-crescent region becomes larger (see also Figure 3 and 5).
In panel (b), we explore the detectability of the dark crescent in a possible case with extremely high BH mass in M87 (M = 9 × 10 9 M ). We examine this extreme case because the the diameter of the SSA-thick ISCO ring would explain the expected diameter of shadow ∼ 40µas in the early EHT observations (Doeleman et al. 2012; Akiyama et al. 2015) . We calculate the BH shadow image of this extremely high mass BH with a * = 0.998 by setting the same parameter as the fiducialmass model, except the lower electron number density n 0 e = 2 × 10 6 cm −3 . At first, we can find that the diameter of the SSA-thick ISCO-ring is ∼ 40 µas in this case, because M/D is larger than the fiducial mass model. Interestingly, without the space-VLBI arrays, the darkcrescent feature very faintly but certainly appears at 350 GHz (the second left and the middle columns in Figure 7(b) ). The dark crescent very clearly appears when we use the EHT with space VLBI both at 230 and 350 GHz.
Our synthetic observations suggest that, with the ground-based arrays only exisiting with existing ground millimeter telescopes, the detection of dark-crescent features would be challenging at least at 230 GHz contrary to the expectation in §5.1. It is most likely due to their sparse baseline coverages, which make it difficult that the signature of the faint dark crescent is significantly detected in observed visibilities -equivalently, on the image domain, the image cannot get sufficient dynamic ranges and effective angular resolutions to detect the faint feature. Recently, Doeleman et al. (2019) and Palumbo et al. (2019) have presented potential extensions of the EHT to fill uv-coverages within the Earth diameter by adding many new ground stations with small dishes to the EHT and/or low-Earthorbit (LEO) space stations, which provide much denser uv-coverage and consequently drastic improvements in the dynamic range of images. The future addition of many new ground telescopes and/or LEO space stations could allow the detection of the dark-crescent feature only with a (nearly) Earth-sized array.
We emphasize that the observation both at 230 and 350 GHz is very important to explore the dark-crescent feature in BH shadows. As we mentioned above, the width of the dark crescent is larger at 350 GHz than at 230 GHz. On the other hand, the observation of the photon ring would be better at 230 GHz, because the retrograde-orbit side of the photon ring would clearly appear at 230 GHz rather than at 350 GHz in some cases (e.g., see Figure 7 (b)). It is, therefore, important to measure the width of the dark crescent with the simultaneous use of reconstruction images both at 230 and 350 GHz.
A possible contamination by the jet or blob emission
In the case of M87, the jet emission might contaminate the dark-crescent feature. However, according to previous works on M87 BH shadow images (Broderick & Loeb 2009; Mościbrodzka et al. 2016) , the jet base emission placed at the brighter side of the photon ring, i.e., at the opposite side of the dark crescent. If this is the case for M87, then the jet emission does not contaminate the dark-crescent feature. The physical mechanism of plasma supply to the magnetic-funnel jet region is highly uncertain (Levinson & Rieger 2011; Mościbrodzka et al. 2011; Toma & Takahara 2012; Broderick & Tchekhovskoy 2015; Hirotani & Pu 2016; Pu et al. 2017; Levinson & Cerutti 2018; Chen et al. 2018; Parfrey et al. 2019) , and further intensive investigations, therefore, definitely should be needed for the jet emission model. These are planned for future work.
One may note that, in addition, a blob in the accretion flow or in the jet would contaminate the clean signature of the dark crescent in snapshot images. We expect that the long-term observation will clean such a contamination, because the contamination due to the blobs will be smoothed out in the time-averaged data. The cleaner dark-crescent image would be obtained if we average the images over the rotation timescale of blobs in the vicinity of the BHs (i.e., more than several days in M87).
SUMMARY
In this work, we carried out GR ray-tracing radiative transfer calculations in the Kerr spacetime, and we have investigated the BH shadow images of M87 properly taking into account the SSA-thick ISCO ring. The summary is shown as follows.
• We have discovered a new feature in BH shadow, when a rapidly spinning BH is surrounded by partially SSA-thick plasma. In this case, the positional offset between the center of the photon ring and the SSA-thick ring at the ISCO due to the frame-dragging effect in the Kerr spacetime. As a result, a dark-crescent structure is generally produced between the photon ring and the SSA-thick ISCO ring in the BH shadow image. This dark crescent is a new manifestation of the high spin of BHs.
• Actual detectability of the dark crescent in M87 is of great interest. As shown in Figure 7 , we have found that the dark crescent can be resolved by the future full EHT array with space stations at 230 and 350 GHz. We expect that the dark crescent will likely appear in the flaring state in M87, because the mass accretion rate is bit higher than that estimated by the rotation-measure observation in the quiescent state (Kuo et al. 2014) , and the radio fluxes of our models (0.5-0.8Jy) with the accretion flow only at 230 GHz is greater than the observed fluxes during the EHT 2017 observations (0.5Jy) reported in Event Horizon Telescope Collaboration (2019a,b,c,d,e,f) . This is consistent with the fact that the diameter of the SSAthick ISCO ring surrounding the fiducial-mass BH is smaller than the estimated shadow size in the early EHT observation (Doeleman et al. 2012 ).
• We also note that there is another possibility that the mass of the SMBH is slightly higher (M = 9 × 10 9 M ). It has been shown that the diameter of the SSA-thick ISCO ring is ∼40 µas in this high BH mass model. The future EHT observation with space stations will identify these two models with different BH mass, because it can resolve the SSA-thick ISCO ring and the photon ring, and the diameter of the photon ring tells us the mass of the BH.
• The emission of a jet or blob in M87 may matter for detecting the dark-crescent feature. So far, according to previous works on M87 BH shadow images (Broderick & Loeb 2009; Mościbrodzka et al. 2016) , we can assume that the jet base emission appears at the brighter side of the photon ring, i.e., at the opposite side of the dark crescent. In such a case, the jet emission does not contaminate the dark crescent. We will separately investigate jet emission in detail in the future. With respect to the emission from the blob in the accretion flow or in the jet, the long-term observation will enable us to clean up the contamination in the images. This is because the contamination due to the blobs will be smoothed out in the time-averaged data over the rotation timescale of blobs in the vicinity of the BHs (i.e., more than several days in M87).
• We emphasize the importance of 350 GHz VLBI observations in the future, because the width of the dark crescent is larger at 350 GHz due to the decrease of the optical depth for SSA (Figure 3 and 5), which results in the more robust detectability of the dark crescent in future EHT observation ( Figure 7) . Toward realizing the transcontinental VLBI at 350 GHz, the 12 m diameter radio telescope is now almost deployed to the Summit Station in Greenland. The telescope (Greenland Telescope, GLT) is to become one of the VLBI stations at 350 GHz, providing the longest baseline, longer than 9000 km to achieve an exceptional angular resolution of 20 µas, and we will be able to conduct observations at event horizon angular resolution (Inoue et al. 2014; Asada et al. 2017 ).
